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Introduction
High strength and hardness steels used to make components require high toughness such as pressure vessels and body panzers. However, these steels are susceptible to cracking during and after the welding process is complete. Sometimes these steels are difficult to weld, and the tricks welding is needed. The welding processes are always used to process in cutting and connecting to get the desired components of Quenched and Tempered Steel (Q&T Steel), often used in armor steel because of the excellent strength and hardness. Q&T Steel in this study is made of hot rolled plate steel (HRP Steels), which is quenched and tempered to obtain the strength and hardness. This steel is resistant to ballistic impact projectiles; therefore, hardness is the most important mechanical property, ballistic resistance AISI 4340 with a hardness of 50 HRC=485 BHN is armor steel [1] . Steel with higher hardness has low weldability. Researches on the heat-affected zone (HAZ) hardening in welded joints are mostly done; one of them is using the buttering method.
Therefore, the research is devoted to making welding methods in Q&T Steel having significant crack sensitivity. The expected result is a welded joint that has better hardness than conventional, and hardening on HAZ welded joints produced.
Literature review and problem statement
Welding finish producing welded joints consist of weld metal (WM), HAZ, and base metal (BM), each zone has heterogeneous structures. When welding is finished and cooled with water causing martensite formed in the HAZ, the hardness of refining grain HAZ (RGHAZ) and inter critical HAZ (ICHAZ) increases [2, 3] . While other papers mention that HAZ consists of CGHAZ, RGHAZ, and inter-critical HAZ (ICHAZ) [4] . CGHAZ shows slightly increased in hardness and mixed-mode/microvoid mixed mode, but the toughness is equal to base metal [5] . Another paper states that microstructure heterogeneity influences the ballistic performance of welded joints [6] . Because CGHAZ is close to the fusion line, this area reaches maximum temperature, which permits the melting of carbides given base metals and granular growths [7] . High heat input causes the width of the HAZ to increase, but the contact angle decreases [8] . Refining microstructure increases in resistance of hydrogen embrittlement by more hydrogen trapped in the boundaries and reducing lattice density [9] . While the impact and fracture toughness increase, the temperature of quenching significantly increases [10] . The optimal combination of austenite and fine carbide grain sizes increases absorption energy, and fine austenitic grain sizes obtained previously at low temperatures, and fine carbide deposits at low tempering temperatures [11] .
From the paper above, it is concluded that welded joints (HAZ as well) have heterogeneous microstructure, welding inlet heat affects the dimensions of the HAZ (higher heat input). Different microstructures reduce the joint strength, and homogeneous microstructures increase the joint strength. With water quenching on the welded joint, more delicate structures are obtained. While RGHAZ and RGHAZ hardness increased because of the martensite structure, and CGHAZ became hard and brittle ( Fig. 1 ).
Fig. 1. Nomenclature of welded joint and hardness direction
The welding method that produces delicately structured joints is the novelty of this study.
Medium carbon steel, containing (0.3-0.6) % weight of carbon [12] [13] [14] , moreover, is classified as steel that is difficult to weld. The coordinates of the point (CE, C) in the Graville Diagram (Fig. 2) is the location of the weldability of steels [3] .
Weldability is the ability of metals to be welded without leaving defects or cracks [12] ; the main influencing factors are composition, heat input, and cooling rate.
Fig. 2. Graville Diagram
This factor affects the growth of the granular structure, phase changes, expansion, and contraction, which ultimately determines the ability to be welded. Likewise, the selected filler metal will influence the stress distribution and strain on the weld joint [15] . The larger diameter fillers are needed, the higher the current and the higher the HAZ, while the smaller the diameter, the lower the current is needed and the smaller the HAZ. Carbon equivalent for Graville diagram is expressed by the formula (1) [3] :
The optimal combination of austenite and fine carbide grain increases absorption energy, and fine austenitic grain sizes obtained previously at low temperatures, and fine carbide deposits at low tempering temperatures [7] . Absorbtion energy depends on the carbon percentage to a specific limit; steel with lower carbon content has high absorption energy [10] . Notches cause more damage to welded specimens, and there is no increase in Luders band on welds during production [9] . Various types of inclusions, such as oxides, carbides, nitrides, or sulfides, show the same effect on fatigue strength [11] .
Sometimes this crack develops after welding is complete, i. e., heat tinted, S and P often cause this defect and usually occur in high alloy carbon steel. Cracks are physical damage due to stress, consist of hot cracks (UCS) and cold cracks (P cm ) [4] . It is expressed by the formula (2),
Here UCS is in % weight. UCS<10, low crack susceptibility. UCS>30, the possibility of large cracks. If UCS=10 to 30, welding could be adjusted,
If P cm <0.23 % (low weld strength), and for P cm >0.35 % (metal toughness to cold cracks is low). Recommended P cm =(0.25-0.30) %. Cracks during steel welding can be avoided by preheating, and post-heat, CE for different steels stated is expressed by the formula (4) [4] :
If CE>0.35 %, preheats are recommended. Higher CE needs preheats and post-heats.
The aim and objectives of the study
The aim of the study is to create the technology for Q&T Steel welded joint that has high crack susceptibility.
To achieve this aim, the following objectives are accomplished:
-to classify the material welded; -to determine the weldability of the test material through the relationship between carbon equivalent and chemical elements; identify the test materials to hot and cold cracks;
-to perform metallography, hardness, and impact energy interpretation on standard and water quenched welded joints. 
Material used and Welding method of Q&T Steel to Q&T Steel

1. Material Used
The material of the study is Q&T Steel welded joint made by PT. Krakatau Steel (Persero), Cilegon, Banten Province, Indonesia. Welded joints conducted by Manual Gas Metal Arc Welding -MGMAW, welding based on welding procedure specification (Table 1) . The configuration of welded joints in this study is shown in Fig. 3 (the type of fitting is V butt joint). Etching for metallographic purposes (microstructure images) uses 3 % HNO 3 and 97 % alcohol. . ASTM E Charpy Impact test specimen [16] Evaluation of the impact energy absorbed is shown in Fig. 4 . The impact test in this study was intended to evaluate the impact energy absorbed by HAZ, not for this test focused on HAZ. 
2. Equipment used during the study
3. Experimental procedures
The experimental procedure of this study is represented in the block diagrams shown in Fig. 5 .
Fig. 5. Experimental Procedure
The scheme of investigation: a) The first step. Preparation of welded specimens of 120×100×8 mm in size ( Fig. 3 ). These specimens are divided into five parts, each is given code SS (without heat treatment), S750 (heating at 750 °C), S800 (heating at 800 °C), S850 (heating at 850 °C) and S900 (heating at 900 °C). Heating rate used=10 °C/minutes.
b) The second step. Heating specimen S750 at 750 °C and holding for 30 minutes, then quenching in the water medium. The same way is applied to specimens S800, S850, and S900.
c) The third step. Water quenching. d) The fourth step. The observation of metallography, hardness, and impact energy for SS, S750, S800, S850, and S900 ( Fig. 4 ).
e) The fifth step. The welds are ground up to half thickness of the plate. Filling the welds, and little grinding, and finishing using cap welding. f) The sixth step. Discussing the results of the observations.
g) The seventh step. Conclusions.
3. 1. Welding on water quenched welded joints
After metallography evaluation, the hardness evaluation is carried out by welding with the following steps: a) Water quenched weld joint for the highest hardness value was selected. b) Scrape to dispose of WM, FL, and CGHAZ using a hand grinding machine (best-done half-thick of BM welded plate). c) Welding based on WPS Table 1 .
d) The joint produced consists of FGHAZ.
3. 2. Welding on proposed joint
Welding on the water quenched weld joint. After metallography evaluation, the hardness evaluation is carried out by welding with the following steps: a) Water quenched weld joint for the highest hardness value was selected.
b) Scrape to dispose of WM, FL, and CGHAZ using hand grinding machines (half thick of BM ground). c) Welding based on WPS Table 1 .
3. 3. Welding on proposed joint
The proposed steps of manufacture of welded joints are shown in Fig. 6, a-d , and explained in the following steps:
a) The first step, making the V butt joint 60º (Fig. 6 , a) using grinding machines.
b) The second step, welding the first layer produces WM and HAZ, Fig. 6, b. c) The third step, scrape half of the first layer, as shown in Fig. 6 , c (after scrape, RGHAZ and ICHAZ left).
d) The fourth step, welding the second layer and producing WM and HAZ, and scraping half of the second layer; and finishing by cap welding.
From the first to the fourth step (a-d), fine-grained weld joints are obtained, the proposed joint has better strength than the conventional joint.
Research results
The chemical composition shows only the main elements of the BM standard for research purposes ( Table 2) . Fig. 7, a-11 , a shows the macrostructure of a standard weld joint, which includes: 1 -HAZ; 2 -weld roots; 3cracks; 4 -the boundary between weld roots -first layer; 5 -the boundary between BM and HAZ; 6 -the boundary between the first and second layers; 7 -WM; 8 -Porous between HAZ and WM.
BM hardness before and after water quenching includes BMstd=430 VHN; BM750=451 VHN; BM800=554 VHN; BM850=578 VHN and BM900=555 VHN, can be plotted in the bar diagram as shown in Fig. 12 .
HAZ hardness before and after water quenching includes HAZstd=378 VHN; HAZ750=494 VHN; HAZ800= =538 VHN; HAZ850=555 VHN, and HAZ900=551 VHN, all of them are shown in the bar diagram in Fig. 13 . WM hardness before and after water quenching includes: WMstd =190 VHN; WM750=299 VHN; WM800=278 VHN; WM850=252 VHN, and WM900= =242 VHN, and is shown in the bar diagram in Fig. 15 . Fig. 15 . WM hardness Impact energy absorbed by HAZ before and after water quenching includes: IEstd=29.50 Joule; IE750=25.50 Joules; IE800=23.50 Joules; IE850=16.50 Joules, and IE900= =15.50 Joules, can be shown in the bar diagram as shown in Fig. 16 . Fig. 16 . Impact Energy Absorbed of HAZ
Discussion of the research results
Based on the elements contained in Table 2 , Q&T Steels are classified as medium carbon steel. Using the formula (1) and (2) , the Ar3 and Ms values are obtained, as shown in Table 3 .
Evaluation of cracks during and after welding for Q&T Steel was carried out by formula (3) and (4), crack susceptibility is obtained and shown in Table 4 . This steel does not contain boron, so it is cheaper and easier to heat to obtain the desired hardness. In general, steels with C>0.20 % are considered heat-treatable steel. To optimize the performance of steel for a particular purpose, optimization of the quench and temper parameters to the selected response can be done (for example against hardness vs. wear, hardness vs. impact energy and impact energy vs. wear). Ar 3 (650 °C) as a reference to obtain an austenite structure that is transformed into the desired martensite to increase HAZ hardness. Slightly above Ar 3 (close to Ar 3 ) is refiner austenite zone obtained, and when water quenching finishes, fine martensite is produced. The higher the austenite temperature, the coarser austenite obtained, and coarse martensite is produced at the end of water quenching.
This steel is quite high in cracking susceptibility, especially in the welded joints. Therefore, the welding process must be carried out in a unique way to avoid softening of the HAZ welding joint.
The Q&T Steel weldability properties were evaluated using the relationship of points (CE, C) on the Graville diagram. Based on formula (6), CE=0.825 is obtained and the point (CE, C) shows the zone that Q&T Steel is difficult to weld. From the evaluation of cracks in Q&T Steel, the crack susceptibility is quite high and tricks to do welding.
The difference between dark and light images shows a different microstructure. (Dark image shows high hardness and brittle, and bright colors show fine structures). Cracks (3) are due to hot cracking during the welding process by the content of alloying elements (due to the extremely high cracking susceptibility of the steel UCS=75. Hot cracks occur at 700 °C due to freezing of the weld metal and the release of stress at the HAZ. Weld cracks are cold cracks due to phases in the HAZ, diffusion of hydrogen and stresses in the weld area. Pores between WM and HAZ are due to contamination of dirt and trapped air forming cavities and essential using preheat before the BM microstructure ( Fig. 7, b) shows the dominance of martensite caused by previous water quenching. HAZ has finer micro-structure than BM (Fig.7, c) ; it is caused by heating after water quenching. FL microstructures are coarser than WM, both zones have Witmannstaeten patterns ( Fig. 7, d, e ). Fig. 8 , a shows the microstructure for Quenched 750 o C welded joint. As a result, 750 °C water quenching causes HAZ and BM grain density (1) . Roots crack compaction occurs (2) , and cracks are reduced (3) . The boundary between weld roots and first layer appears dense together (4) . The merging of BM and HAZ boundaries occurs (5) . The boundary between the first and second layers merges (6) . The texture in WM (7) is small. Pores between HAZ and WM seem to be dense (8) .
There was a sealing at the boundary due to fine-grain after water quenching, and porous area as well. The dominance of martensite by previous water quenching is shown in Fig. 8, b . The HAZ structure (Fig. 8, c) is similar to BM; caused some martensites defused during the austenitization process. The microstructure of FL ( Fig. 8, d) is coarser than BM and HAZ because of the transition between structures (from WM to HAZ). The WM structure ( Fig. 8, e) shows the growth of new phase grains at the BM boundary. The difference in grain structure will reduce the strength of the joint. Fig. 9 , a shows the interface boundaries close together because of the fine grain that the stronger in welded joints. The porosity is reduced (when water quenching 750 °C), mean between the structures pressed together by austenitization at 800 °C. Compact structure (including porous) will increase strength and hardness. Martensite dominates base metal because of previous water quenching and water quenching at 800 °C ( Fig. 9, b) . Water quenching at 850 °C results in the refinement of the grain structures. The similar structure of HAZ and BM and is dominated by martensite (Fig. 9, c) . FL (close to WM) has grain structures caused by heat induced by WM and arc ( Fig. 9, d) , and the coarse grain structures are produced. Because of the coarse grain, then FL has a high cracking susceptibility. WM is getting finer-structure due to dense in granular structure, and the brittleness decreases ( Fig. 9, d) . When austenitization reached the austenite zone and followed water quenching, residual compression stress left and compacting the grain structures occurs, and mechanical hardening is produced. Transformation of austenites to martensite during the water quenching process and metallurgical hardening is produced. So, two hardenings are very influential in compacting the granular structure. Fig. 10 , a shows the macrostructure of a welded joint that is quenched by water at 850 °C. The smoothing of the grains causes HAZ and BM to join (1) . Compaction occurs in (2), (3), and (4). The merging of BM and HAZ boundaries occurs (5) . The merging of the boundary between the first and second layers occurs (6) . Texture smoothing also occurs in WM (7) . The porous between HAZ and WM close together (8) . Fig. 10, b is dominated by martensite. The microstructure of HAZ is similar to BM. Fig. 10, d shows FL is a thin layer that is prone to cracking. Fig. 10 , e shows a WM with a rough structure caused by a high heat arc. Water quenching at 850-C results in compaction and recovery of cracks between the structures. The strength and hardness of the joint increase due to water quenching.
At 900 °C water quenching, the sealing also occurs the same as at 850 °C, but the result is refined structure. So it can be said that when increasing the austenite temperature, refined structures are produced. The fine structure will increase compaction, strength, and ductility.
Hardness tends to increase with increasing austenite temperature to 850 °C and decreases at 900 °C. BMstd hardness increases because of martensites produced by the previous water quenching process when producing Q&T Steel. Increased hardness to martensite grains is getting coarse because austenite growth occurs. The maximum hardness reached 850 °C and decreased at 900 °C, as shown in Fig. 12 .
HAZ hardness increases by increasing the austenite temperature and decreases slightly at 900 °C. The decrease is caused by the grain growth of austenite and the highest hardness occurs at 850 °C. Hardness increase occurs in the formation of martensite.
FL hardness tends to increase with austenite temperature increasing but decreases slightly at 850 °C. The high-est hardness is reached at 900 °C (austenite grain growth occurs). Because FL is the smallest area and has a lower hardness have a coarse grain structure, this part is brittle and low strength.
Hardness increases from standard conditions to temperatures of 750 °C (highest hardness) and decreases to 900 °C, WM has a coarse grain. Austenite temperature increases, and hardness is decreased due to porosity. Porosity is caused by the vapor and slag trapped in molten metal.
The austenite temperature increases the impact of energy decrease, and the hardness increases. The IE decrease means that the impact energy absorbed by the HAZ decreases with increasing austenite temperature (softening increased).
Conclusions
1. The material of the study (Q&T Steel) was equivalent to medium carbon steels.
2. Through the relationship between CE=0.825 and C=0.358, the point (CE,C) in the Graville Diagram expresses that medium carbon steel is difficult to weld. The steel of the study has a high susceptibility to cold and hot cracks, 7.51 and 75, respectively.
3. The microstructure of standard welded joints is dominated by martensite when making Q&T Steel, and the microstructures of HAZ, FL and WM tend to be coarse. After water quenching, the refined HAZ microstructure is obtained and WM tends to be coarse (even brittle). Standard hardness is BM=430 VHN, HAZ=378 VHN, FL=219 VHN and WM=190 VHN. The highest hardness is achieved after 850 ºC water quenching, namely BM=578 VHN, HAZ=555 VHN, FL= 457 VHN, and WM=252 VHN. Impact energy absorbed by standard HAZ weld joint is 29.50 Joules drop after water quenching at 850 °C is 16.50 Joules. The grain structure gets smoother with increasing austenite temperature in water quenching, strength, and ductility increase.
